The problem of conjugate natural convection flow in a layer of porous media confined by two vertical thermally-conductive thick surfaces is studied. The local thermal nonequilibrium approach is employed for modelling the porous layer allowing for a difference in temperature between the porous structure and the fluid inside it. The basic equations for this investigation are transformed into a set of dimensionless equations. Then, the resulting equations are solved numerically by employing the finite element method. The obtained results are compared with published results in the open literature and are found to be in good agreement. The effects of the wall thermal conductivity parameter, fluid and porous interfacial convective heat transfer parameter and the Rayleigh number on the thermal behavior of the cavity are studied and analysed. The results show that increasing all of the above mentioned parameters results in increasing the heat transfer in the cavity.
INTODUCTION
Natural convection flow and heat transfer in porous mediafilled enclosures have numerous applications including geothermal heat recovery, heat sinks, the phase change energy-storage devices, filter media, underground energy storage, and nuclear waste disposal sites. Owing the fact that natural convection in porous media finds important industrial and engineering applications, various aspects of heat transfer in porous media have been explored by many researchers in recent years.
Many of the available research works on this topic have assumed Local Thermal Equilibrium (LTE) between the porous structure and the fluid inside it. In this case, only one heat equation would represent the thermal behavior of the porous medium and the fluid filling it. Employing the thermal equilibrium model of porous media, Basak et al. [1] [2] [3] [4] addressed different aspects of boundary conditions on the natural convection of a fluid-saturated porous medium in a cavity. Grosan et al. [5, 6] explored the effect of a magnetic field on the free convection heat transfer in an enclosure. Sun and Pop [7] studied the natural convection in a triangular cavity. Very recently, Mehryan et al. [8] considered the problem of free convection heat transfer of hybrid nanofluids in an enclosure filled with a porous medium using the LTE model of porous media.
The porous media Local Thermal Non-Equilibrium (LTNE) model is a two heat equations model. In this model, the thermal behavior of the porous structure and the fluid filling it are introduced by two temperature variables. Hence, the temperature of the porous structure and the fluid inside it can be different. Additionally, the thermal interaction between the porous medium and the saturating fluid filling its pores is taken into account using some interfacial convective heat transfer coefficients. Taking into account the LTNE model, Ghalambaz et al. [9] analyzed the free convective heat transfer in a parallelogrammic enclosure. Zargartalebi et al. [10] investigated the natural convective flow and heat transfer in a cavity. In [10] , the cavity was partially occupied by a porous fin. The porous fin was modeled as a LTNE porous medium.
Considering the problem of conjugate heat transfer along with the porous media LTNE model, the transfer of heat at the solid surface-porous matrix interface is a complex phenomenon. In the conjugate heat transfer, the porous medium is connected to a thermally conductive solid wall. From the physical point of view, there are several pathways for the transfer of heat between the surface or wall and the porous matrix structure and the fluid inside the pores. The heat from the wall will be divided at least into two pathways. One such pathway is the transfer of heat between the wall and the porous structure due to heat conduction. The other is the heat transfer due to convection between the fluid filling the porous media and the wall surface. There are also thermal interactions between the fluid inside the pores and the porous matrix which affect the heat transfer pathways. Employing the conjugate heat transfer and the porous media LTNE model, Saeid [11] modeled the conjugate heat transfer in a layer of porous media placed in a cavity. Zargartalebi et al. [12] considered the unsteady fee convection of a nanofluid in an enclosure filled with porous media. Tahmasebi et al. [13] investigated the natural convection of nanofluids in an enclosure filled with a solid wall layer, a layer of porous media, and a layer of clear flow.
Following the study of Zargartalebi et al. [12] and Tahmasebi et al. [13] , the present study aims to address the conjugate free convective heat transfer behavior in an enclosure with two solid thick surfaces of walls in which the heat enters the enclosure from the bottom of the thick surface and leaves the enclosure from the top of another surface.
MATHEMATICAL MODEL

Model description
Consider a square cavity with length L containing a layer of metallic foam porous media and sandwiched between two thick thermally-conductive surfaces. The thicknesses of the walls are d and d'. The schematic diagram of the problem and the coordinate system are illustrated in Figure 1 .
It is assumed that the temperature differences inside the porous domain are limited, and hence, all of the thermophysical properties are assumed to be constant except the variation in density due to temperature change for which the Boussinesq approximation is applicable. The flow in the porous domain is modeled as a Darcy-Brinkman flow. 
Governing equations
By considering the modeling assumptions, the governing equations for mass, linear momentum, energy of the fluid inside the porous domain, energy inside the porous structure and the energy in the thick solid surfaces can be written as follows [12, 13] : where u and v denote the fluid velocities in the x and y directions, respectively. Here, P and T are the pressure and temperature, respectively. The subscripts of f, s and w indicate the fluid, the porous media and the surface or wall, respectively.
The symbols of µ, ρ, β, α, cp, κ, and ε denote the dynamic viscosity, the density, volumetric thermal expansion coefficient, thermal diffusivity, specific heat capacity, permeability of the porous medium and porosity of the porous medium, respectively. Finally, hfs indicates the coefficient of the convective heat transfer between the porous structure and the fluid inside it.
Based on the problem description, the boundary conditions at the walls and the wall-porous interface are represented as:
: h at the hot wall T T = (7) : c at thecold wall T T = (8) :0 at theinsulated walls T n   = (9) 
:0 at the walls u v == (11) where k is the thermal conductivity. By applying the following dimensionless parameters:
the governing equations (1)-(6) along with the boundary conditions (7)-(11) are transformed into the following nondimensional form: where Pr is the Prandtl number, Da is the Darcy number, Ra is Rayleigh, H is the convection interaction, and kr is the thermal conductivity ratio of the fluid and the porous medium. These parameters are defined as:
The non-dimensional boundary conditions can be written as: 
NUMERICAL METHOD, GRID CHECK AND VALIDATION
The finite element method was employed to integrate the governing equation (13)-(18) along with the boundary conditions (20)-(24). The governing partial differential equations were first put in the weak form and then solved iteratively as a fully coupled set of equations. A structured non-uniform grid was utilized to discrete the governing equations. The grid was stretched near the walls with a ratio of 10. Hence, the density of the grid points was higher near the surfaces in order to capture the high gradients in these regions. The residual error for the iterations was set to 10-8. More details about the implementation method can be found in [14] .
In order to assess the accuracy of the utilized grid, the numerical calculations were repeated for different grid sizes, and the outcomes are monitored and summarized in Table 1 . As seen, the grid size of 160×160 provides sufficient accuracy for a graphical demonstration of the results and most of the engineering applications. Thus, the outcome of the present study are reported for this grid size. 
In order to check the correctness and accuracy of the present numerical code, the results were compared with some related works available in the literature [1, 8] and were found in good agreement. Moreover, a comparison between the results of the present study and the results of Saeid [11] is provided in Table II . Saeid [11] addressed the convection heat transfer in a cavity filled with porous media and heated from side walls for a Darcy flow. Considering a very high value of Darcy number, the governing equations of the present study were reduced to the case of Darcy flow. In this case, the Rayleigh number would be the Darcy-Rayleigh number (Da×Ra), and the solution would be independent of the Prandtl number. Table 2 shows good agreement between the results of Saeid [11] . 
RESULTS AND DISCUSSION
In the present study, the default values of the nondimensional parameters were adopted as D=D'=0.1, H=1, Kr=1, Da=10-3, Ra=105, Pr=7.2, Rk=1. Otherwise the value of the non-dimensional parameter is stated. Figure 2 shows the local Nusselt number of the fluid phase along the hot interface for various values of the wall thermal conductivity ratio Rk. Figure 3 depicts the heat distribution in the wall and solid porous matrix in the form of nondimensional temperature contours for various values of Rk.
As seen, next to the bottom of the wall, the local Nusselt number is high, and then, it decreases along the wall toward the upward direction. For the low wall thermal conductivity ratio of Rk=1, the Nusselt number at the bottom of the wall is high, and then it drops rapidly. This is due to the low thermal conductivity of the solid wall. The heat at the hot boundary located at the bottom of the thick wall enters the wall and moves in an upward direction as a result of the thermal conduction mechanism. A portion of the heat goes into the fluid due to the convection at the interface of the wall and the porous domain. As the thermal conductivity of the wall is low, the heat can only be distributed in the bottom portion of the wall, and this is where the heat transfer between the wall and the fresh cold fluid inside the pores occurs. The corresponding isotherms in the wall are depicted in Figure 3 (a). As seen, only the bottom part of the hot wall is hot and the other parts are at low temperatures near to that of the porous matrix next to the wall.
When the thermal conductivity of the wall increases, i.e., a higher wall thermal conductivity ratio of Rk=100, a better distribution of heat in the wall occurs, and a more extended portion of the wall is hot. The temperature distribution in the wall for this case is depicted in Figure 3 (b). As seen, up to the middle of the wall is at a high temperature. Thus, in most places of the wall, the local Nusselt number is high, the outcome of which is in agreement with the results of Figure 2 . Finally, when the thermal conductivity ratio of the wall increases to Rk=1000, almost all of the solid wall is at a high temperature, and consequently, the local Nusselt number along the wall is high. At the top of the wall, both the fluid, porous matrix and the wall itself are at a high temperature, and hence, a gradual drop of the local Nusselt number can be expected in this region. This outcome is also in agreement with the results of Figure 2 . Figure 4 shows the streamlines corresponding to the cases of Figures 2 and 3 . As seen, the increases of Rk from 1 to 100 do not induce a notable change in the streamlines. However, with the increase of Rk from 100 to 1000, the change in the patterns of streamlines is more notable. In the case of low values of Rk, the hot part of the wall is at the bottom, and the streamlines are a bit denser at the left bottom of the cavity as depicted in Figs. 4 (a) and (b). However, with the increase of the wall thermal conductivity, all of the wall is at a high temperature, and the streamlines are in an almost normal form. Figure 5 shows the average Nusselt number of the fluid phase as a function of porous-fluid interface convection H and the Rayleigh number. As seen, the increase of the Rayleigh number from 10 4 to 10 5 does not affect the average Nusselt number. This is because the Darcy number is as small as Da=10 -3 , and hence, the Darcy-Rayleigh number is in the range of 10-100. In this case, the heat transfer is a conduction-dominant form, and the variation of the Rayleigh number does not change the fluid flow. For the larger Rayleigh number of Ra=106 (Darcy-Rayleigh number=1000), the convection-mechanisms strengthen, and the changes in the average Nusselt number are notable. Figure 6 illustrates the effect of interfacial convection interaction between the porous structure and the fluid inside the pores, H. The increase of this parameter is related to the increase of thermal interaction between the porous structure and the fluid inside the pores. For very high values of H, the temperature of the porous structure and the fluid inside pores nearly equalize, and the LTNE model can be reduced to the LTE model. As seen with the increase of H, the temperature profiles inside the porous space change slightly. Figure 5 illustrates the smooth increase of the fluid Nusselt number with the increase of H. Indeed, with the increase of H, the porous matrix would help the fluid to increase the heat transfer rate in the cavity.
CONCLUSION
The problem of conjugate flow and heat transfer in an enclosure containing a porous medium was addressed using the LTNE model. The cavity or enclosure's walls were thick and thermally conductive. The heat was assumed to enter the cavity through the bottom of a wall and to leave the cavity through the top of the other wall. A two-temperature LTNE model of porous media was employed to represent the temperature of the fluid phase and the porous structure. The conjugate heat transfer at the interface of the solid surfaces and the porous domain were computed using the continuity of temperature and heat balance. The effects of wall thermal conductivity (wall thermal conductivity ratio), the Rayleigh number and the porous-fluid interface convection parameter (H) on the free convection heat transfer in the enclosure were addressed. The primary outcomes of the present study can be summarized as follows:
• The increase of the wall thermal conductivity ratio (Rk) increases the local Nusselt number in the fluid phase. • The increase of the porous-fluid interface convection parameter (H) slightly increases the average Nusselt number of the fluid phase. • The increase of the Rayleigh number increases heat transfer. However, the increase of the Rayleigh number for small values of the Darcy-Rayleigh number (lower than 100) is almost ineffective. In the present investigation, the effect of the thickness of the walls and the thermal conductivity of the porous medium on the natural convective heat transfer were not studied, thus providing a subject for future studies.
